Aiming for the future upgrade of a hard x-ray beamline at the Pohang accelerator laboratory x-ray free-electron laser (PAL-XFEL), we first analyze the scheme recently proposed for the attosecond-terawatt (TW) x-ray pulse [Phys. Rev. Lett. 110, 084801 (2013)]. An x-ray pulse with 32 attosecond full-width half maximum (FWHM) pulse duration and ∼4 TW in power is shown in simulations using the PAL-XFEL parameters. Furthermore, to remove neighboring radiation pulses and to generate an isolated attosecond-TW x-ray pulse, the role of optical laser frequency chirp is examined on the electron beam current modulation as well as on the x-ray pulse generation in the undulator. Our simulations show an isolated x-ray pulse with 42 attosecond FWHM pulse duration and ∼3.5 TW in power for the optimal frequency chirp of a 400 nm optical laser. Recently, in a simpler method [J. Synchrotron Radiat. 23, 1273] and [Phys. Rev. ST Accel. Beams 8, 040701 (2005)], using a frequencychirped optical laser and the electron beam delays in between undulator sections, it has been reported that an isolated attosecond-TW x-ray pulse can be obtained at the undulator end. For optimal chirp in this simple setup, we show 50 attosecond FWHM pulse duration and ∼3 TW in power with ∼7.5 × 10 10 photons per pulse at 0.1 nm radiation wavelength. Generation of such inherently synchronized, powerful single attosecond x-ray pulses at PAL-XFEL will be advantageous to the pump-probe experiments in the study of ultrafast dynamics.
INTRODUCTION
X-ray free electron lasers (XFELs) with ultrashort pulse duration and ultrahigh brilliance will open exciting prospects for high-field attosecond science and high-energy density physics (HEDP), as the short and intense x-ray pulses can create unique initial states of matter. The motion of electrons that occurs on a time scale of a few attoseconds (10 −18 s) or less has not been accessible by direct experimental methods until very recently. Extreme-ultraviolet (XUV) coherent light pulses with durations of a few tens of attoseconds can be produced using high-order harmonic generation (HHG) [1] [2] [3] [4] [5] . However, the applications of the attosecond sources have so far been limited due to the low photon flux and the complexity of the tools, particularly for the generation of isolated attosecond pulses (IAPs).
X-ray free electron laser sources based on a self-amplified spontaneous emission (SASE) scheme presently surpass the HHG sources in reducing the wavelength (by approximately two orders of magnitude), peak brightness, and spatial coherence [6] [7] [8] [9] [10] . Moreover, the self-seeding [9, 11] improves the temporal coherence, which further leads to the enhanced photon flux and brilliance. The shortest wavelength and the high brightness of the XFELs make them a promising candidate for progressing to high-power attosecond x-ray pulses, which has attracted much attention in the XFEL user community. However, due to the large electron bunch duration, FEL facilities have aimed only for the femtosecond regime; generating high-power attosecond pulses in XFELs has been a formidable challenge. Many potential methods (mostly theoretical), have been developed for shortening the duration of the XFEL pulses to sub-femtosecond to zeptosecond levels [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In these schemes, the electron beam properties are manipulated by short laser pulses or by other means before entering the undulator. In view of the electron beam manipulation, a slotted foil method [13] is used to reduce the x-ray pulse duration. According to this method, a slotted foil inserted in the middle of the bunchcompressor of the linac selectively lets in only an unspoiled part of the electron beam for radiation generation [21] . In the current enhanced SASE (ESASE) [15] , the electron peak current is enhanced in a short slice by manipulating the longitudinal phase by an external few-cycle infrared laser pulse, leading to the generation of attosecond radiation pulses. However, final pulse length generated in ESASE is limited by the FEL slippage length, which is of the order of a few hundred attoseconds. Besides, the length of the x-ray pulse can be controlled by reducing the charge of the electron beam, which has also been experimentally demonstrated [20] . Overall, in these schemes, the radiation power and pulse durations are not enough, being of the order of gigawatt and sub-femtosecond ranges, respectively.
To follow the electronic motions and to allow the investigation of the events that have not been explored previously in x-ray nonlinear science, new ideas need to be developed to generate high-power attosecond x-ray pulses in FEL. In view of generating the shortest pulse, the mode-locking concept applied to SASE FELs has been efficient in generating attosecond pulse trains (APTs) with gigawatt power [22, 23] . Recently, using a slotted foil in combination with the mode lockedafterburner scheme [24] , the length of the attosecond pulse train was reduced to a single lobe of envelope, where the phase of each attosecond pulse inside the envelope is constant, potentially offering benefits to the experimental users.
Generating an intense, isolated attosecond pulse (IAP) has been technically challenging in XFEL. Recently, Tanaka [25] proposed a mechanism for generating an attosecond-terawatt (TW) x-ray pulse by employing the combination of a slotted foil [13] , current ESASE [15] , x-ray beam delay, and the delayed electron beam from the x-ray between undulator modules. In a similar work [26] , a slotted foil with multiple slots is used for effective chopping of an electron bunch into many current spikes with the emittance being preserved, and then the electron beam is delayed between undulator modules for the amplification of the radiation. In another work, Kumar et al. [27] proposed a new mechanism for generation of attosecond-TW x-ray pulses in XFEL controlled by a few-cycle infrared (IR) pulse, where one dominant current spike in an electron bunch is used repeatedly to amplify the seeded radiation to a TW level. Recently, in a simple method [28, 29] , an isolated attosecond-TW x-ray pulse is demonstrated in simulation by creating multiple current spikes having unequal spacing variation by a frequency-chirped optical laser used in the ESASE section. In this way, only the target radiation spike can get amplified in the undulator while the growth of neighboring radiation spikes is suppressed due to the misalignment with the rest of the current spikes.
In this paper, we examine the schemes proposed in [25, 28, 29] using PAL-XFEL parameters. We show the possibility of attosecond-TW pulse generation at hard x-ray beamline. To generate a single IAP, which is essential for the pump-probe experiments, the role of the optical laser frequency chirps is studied on the current modulation after the ESASE section. The chirped laser pulse can be obtained by the chirped pulse amplification (CPA) technique [30] , where a laser pulse is stretched out temporally and spectrally prior to amplification up to the petawatt level. The paper is organized as follows. In Section 2, the proposed scheme and its working principle are discussed. In Section 3, the simulation results of the attosecond pulse generation are presented based on the PAL-XFEL parameters. For experimental realization of the scheme, probable specifications of x-ray delay system and electron beam delays are discussed. The key issues of the synchronization and timing jitter are also discussed. Finally, in Section 4, our conclusion is given.
METHOD AND MECHANISM
According to the scheme [25] , a slotted foil [13] is used to spoil the emittance of the head and tail parts of the electron beam, followed by the ESASE [15] scheme for density modulation of the unspoiled part of the electron beam. For a detailed description, Fig. 1(a) shows the ESASE section, where the electron beam is energy-modulated in a strong field modulator by introducing an optical laser pulse of long wavelength and pulse duration. The optical laser pulse has several laser cycles, and these laser cycles are replicated to the electron energy distribution. Later, a magnet chicane converts the energy modulation to a density modulation, leading to the generation of a few current spikes. The electron beam with these current spikes is sent to the undulator for radiation amplification. Figure 1(b) shows a long SASE undulator made by three undulator modules (UMs) for radiation amplification. The length of the SASE undulator is kept shorter to avoid the saturation and to keep the minimum energy spread of the electron beam. Figure 1 (c) shows a chicane-mirror system [31] composed of four dipole magnets (magnet chicane) used for the electron beam delay and to dilute the microbunching developed in the SASE undulator. A set of reflecting mirrors are used for x-ray delay and to align the Fig. 1 . Schematic layout of the proposed scheme, well suited for high-power, isolated attosecond pulse in XFEL [25] .
electron beam and x-ray beam mutually. The electron beam is delayed in such a way that the leading spike of the radiation acts as a seed to the trailing current spikes. Figure 1(d) shows the next stage undulator having two UMs used for the amplification of the seed pulse. For FEL amplification, the seed pulse always needs a fresh bunch of electrons after one gain length of the amplification. Figure 1 (e) shows a small magnet chicane followed by a small undulator section (only 1 UM). A small chicane is used to delay the electrons by the laser wavelength λ L to align the radiation spike to the second current spike. The section in Fig. 1 (e) is used for several stages in the downstream for repeated electron beam delays and repeated amplification of the selected radiation pulse to obtain an attosecond x-ray pulse. However, this scheme does not show an isolated attosecond x-ray pulse.
To get an isolated x-ray pulse, the frequency chirp in the modulation laser is introduced. This generates the current spikes with unequal spacing as shown in Fig. 2 
A. Without Slotted Foil and Radiation Alignment Section
Because of the complexity of this scheme [25] and the stringent requirement for x-ray delay system (though soon to be available with the rapid advance of the technology), recently, a simple method [28, 29] was proposed for attosecond-TW x-ray pulse generation. According to the method, using a frequencychirped laser in the ESASE section and the electron beam delays in between undulator modules, an isolated attosecond x-ray pulse can be obtained at the end of the undulator. This method does not require the slotted foil and the chicane-mirror system (as shown in Fig. 1 ).
SIMULATION RESULTS
To study the feasibility of the attosecond beamline at the Pohang accelerator laboratory (PAL)-XFEL [10] and producing intense IAP in the hard x-ray region, we present simulation results based on the PAL-XFEL parameters, currently under operation.
First, a 10 GeV, 200 pico-coulombs (pC) electron beam with an average current of 3.5 kilo-ampere (kA) and an un-correlated energy spread of 1.0 × 10 −4 is chosen. The detailed parameters of the electron beam used in the ESASE section and the undulator of the PAL-XFEL are presented in Table 1 .
A. Effects of the Slotted Foil and ESASE Section on the Current Profile of the 10 GeV Electron Beam
The net current profile after the slotted foil can be expressed as a combination of two terms [25] ,
The first term, I 0 s, represents the electrons not scattered by the slotted foil and contributes to the lasing. It can be expressed as the Gaussian function with the standard deviation σ f ,
where s is the longitudinal coordinate of the electron bunch, and the longitudinal positions s 1 and s 2 define the slot width of the foil. The second term, I u s, corresponds to the scattered electrons by the slotted foil and does not contribute to the lasing,
After passing through the ESASE section, the current profile is given by [25] ,
Here, Es is the periodic current-enhancement factor due to the ESASE section, expressed as [25] 
with a 1 B 1∕e , B Δγ∕σ γ , where Δγ represents the induced energy modulation that exceeds the uncorrelated energy spread σ γ of the electron bunch. θ represents the time-jitter between the electron bunch and the optical laser at the entrance of the undulator and varies between −π and π. Following the above equations, we obtain the current profiles at three different locations. Figure 3 shows the current profile before (blue line) and after (red line) the slotted foil. The black dot line is the spoiled part of the current profile. The lasing width is given by s 1 −5 μm to s 2 4 μm, and σ f 1 μm has been assumed. This current profile after the slotted foil is obtained by Eq. (1).
Compared to the original Gaussian profile before the slotted foil, the temporal window of lasing is chopped by the slotted foil; however, the boundary is not sharply trimmed, and a fringe region exists whose width corresponds to σ f . In Section 3.B, we discuss the attosecond pulse generation using the equally spaced current spikes of the electron beam.
B. Attosecond-TW Pulse Generation in the Hard X-Ray Regime
To demonstrate the attosecond-TW pulse generation in the hard x-ray regime, first we modulate the current by employing an ESASE section in between the linac and the undulator sections. For the ESASE section, wiggler parameters (wiggler period and magnetic field) can be optimized by using the relation, λ L λ w ∕2γ 2 1 K 2 w ∕2, where λ L is the laser wavelength, λ w is the wiggler period, and K w eB 0 ∕mkc is the wiggler parameter. Here, B 0 is the magnetic field in tesla, and k 2π∕λ w . All the simulation parameters are shown in Table 1 . Figure 4 (a) shows the current profile after the ESASE section obtained by Eq. (2). The black lines represent the spoiled parts of the electron bunch, and the red lines the current spikes, which undergo lasing inside the undulator. In total, 20 current spikes are considered for the generation of the attosecond pulse inside the undulator. All the current spikes are regularly spaced by the modulation wavelength λ L 400 nm. To generate such a comb-like current profile of the electron beam, a laser pulse with the central wavelength of 400 nm, peak power of 13.6 GW, beam waist size w 0 of 250 μm, and pulse length of 40 fs (full width at half-maximum, FWHM) is injected into a two-period wiggler magnet with a period of λ w 50 cm. The resulting amplitude of the energy modulation after the dispersive chicane is Δγ∕σ γ 6.4. Such laser pulses with a wavelength centered at 400 nm can be found in [32] [33] [34] [35] . Note that the lasing part of the current profile can be controlled by the slotted foil system [21] . This current-modulated electron beam is fed to the undulator for generating the radiation. Three dimensional time-dependent simulations have been carried out using the GENESIS 1.3 code [36] , which calculates the generation of the radiation along the undulator beamline. Figure 4 (b) shows the temporal profile of the radiation power after the first three UM amplifications. Each UM is 5 m long with 2.6 cm undulator period. Note that there are 20 radiation spikes in the radiation profile. One radiation spike shown in Fig. 4(b) is chosen as a seed pulse, which is amplified via sequential utilization of the current spikes (red spikes) shown in Fig. 4(a) . Both the x-ray beam and the electron beam are delayed by the chicane-mirror setup after the three UMs, and the target radiation spike is aligned with the tail of the current spike in the current profile [see Fig. 4(a) ]. The x-ray beam delay system is composed of four dipole magnets and a set of plane mirrors [see Fig. 1(c) ]. Four dipole magnets (the magnet chicane, R 56 ∼ 12.31 μm) delay the electron bunch and dilute the microbunching developed in the three UMs during the SASE radiation, while the set of mirrors creates a time delay to the radiation beam relative to the electron beam. After alignment with the tail current spike, the target radiation spike is amplified in the two UMs [ Fig. 1(d) ]. Now the electron beam is delayed by a relatively small magnet chicane (R 56 ∼ 1 μm) to align the target radiation spike with the current spike next to the tail current spike and amplified for one UM only. This amplification stage is repeated seventeen times (17 UMs) in the downstream undulator. The number of undulator modules used in 20 amplification stages are set as 3, 2, 1, 1, 1, 1, 1, 1, 1,  1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 , respectively. Figure 5 (a) shows the temporal profile of the radiation after the amplification in 23 UMs along the undulator, and Fig. 5(b) is the corresponding power spectrum. One can see that a few neighboring radiation spikes are also amplified during the seeding. The pulse duration and power of the main radiation spike are 32 attosecond FWHM and 4 TW, respectively, corresponding to 6.4 × 10 10 photons per pulse. The pulse energy is 0.128 millijoule (mJ). The amplification of the radiation is based on the super-radiant behavior of short pulses [37, 38] , where the power level can significantly exceed the saturation power of an XFEL, while its pulse length is shortened. Note that the current enhancement due to the ESASE section leads to increase in the energy spread of the electrons near the current spike, which can be estimated by the following formula [15] : σ γ z∕σ γ0 1 aBerf 4z∕Δz 0 B 1∕8 π −erf 4z∕Δz 0 B 1∕8 − π, where erf x is the error function, z is the coordinate along the electron bunch, and Δz 0 λ L ∕2B is the width of the current spike. Figure 6 shows the energy spread of the electron beam corresponding to the current peak shown in the inset. This energy spread is considered in the simulation of the radiation generation.
C. Effects of the Chirped Laser on the Current Modulation and on the Attosecond Pulse Generation
To solve the problem of neighboring radiation pulses with nonnegligible power [shown in Fig. 5(a) ], the optical laser having a chirped frequency is used for the modulation of energy and current in the ESASE section. The chirped laser pulse creates an increasing variation in the spacing between the current spikes. To get an arbitrary chirp rate, spatial light modulators [39, 40] are used for the femtosecond pulse shaping [41, 42] with a pulse energy of the order of mJ. Our simulation is first repeated for the same setup and for the same set of electron beam, laser beam, and undulator parameters as shown in Table 1 . Figure 7 shows the current profile with the increasing variation of the mutual spacing between the current spikes from the tail current spike towards the head current spike. The blackdotted spikes show the spoiled part of the electron bunch, and the red spikes show the unspoiled part of the electron beam used for the generation of the radiation inside the undulator. In total, 10 current spikes are considered for the lasing inside the undulator. Figure 8 shows the variation in the mutual spacing of the current spikes generated by the chirped laser pulse. Figure 9 (a) shows the radiation profile after 23 UMs SASE radiation. Here, for the normal SASE amplification, initially 2 UMs are considered. The last pulse in the radiation profile is chosen as a target radiation pulse for seeding. This target pulse is delayed by a chicane-mirror setup similarly, as mentioned in Section 3.B. After the chicane-mirror setup, the target radiation pulse is seeded by the tail current spike and amplified through 2 UMs. Note that only the target radiation pulse is amplified significantly due to the seeding with the current spike, while rest of the radiation pulses are amplified just by normal SASE radiation. Now, the amplified target pulse is aligned with the current spike next to the tail current spike using an electronbeam delay and is amplified through 2 UMs. For small electron-beam delays, small magnetic chicanes are used in the drift section available in between the two UMs. Each time, the target radiation pulse aligns with the next current spike, using the fresh part of the electron beam. It implies that the energy spread of the electron beam remains under control and the target pulse keeps amplified using all the remaining current spikes one by one via electron-beam delays in several stages. In this simulation, because of the smaller number of current spikes compared to the case of the equally spaced spikes (20 spikes), the simulation is carried out with two chicanemirror stages to attain an attosecond-TW pulse. Here, the number of UMs used in 21 amplification stages are set as 2, 2, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 , respectively. After 23 UMs, the simulation results show a single IAP with 42 attosecond pulse duration, 3.5 TW power, and ∼1 × 10 11 photons per pulse in the hard x-ray region. It is worth to mention here that the final pulse width of the IAP can be reduced further by optimization of the rate of chirp in the optical laser. Figure 9 (b) shows very clean spectral profile. For the realization of the x-ray delay unit, the optical components must meet various demands, such as a high reflectivity, delay with subfemtosecond (fs) to attosecond resolution, and a large delay range over the wide photon energy spectrum of the XFEL (1-12 keV). These properties have to be achieved with a minimal disturbance to the beam position and direction and a high mechanical stability. Note that the small reflectivity at large incident angles demands a grazing incident geometry. The critical angle is typically in the range of 10 arcmins (1 arcmin 1°∕60) to 2°for the energy range of 0.1 to 10 keV for surfaces like Au, Ni, Pt, or Ir. The detailed design of the chicane-mirror system is given in [27] . Table 2 shows the parameter ranges of the optical and electron beam delays used here. For the robustness of the scheme, we tested the effects of 1 -3 μm the shot noise on the peak power of the x-ray pulse and the pulse duration. The simulation was performed for 10 different initial seeds for the random number generator used for particle phase fluctuation in GENESIS 1.3 code [36] . Figure 10 shows the average power along the undulator for the case with the frequency-chirped laser. The average power after the amplification through 23 UM stages is 3.0 1 TW (red curve), while the average pulse duration is 65 23 attoseconds at FWHM. Now, we exclude the slotted foil and x-ray delay unit as shown in [28, 29] and consider the frequency-chirped optical laser in the ESASE section. First, we consider the same current profile as shown in Fig. 7 . The whole current profile is fed to the undulator for lasing. For each amplification stage, a similar number of UMs as in the previous method is used for radiation pulse amplification. One target radiation spike is chosen after the first stage undulator, which acts as a seed for a number of fresh current spikes using electron beam delays by magnet chicane and amplified through the undulator. Figure 11 shows three different simulations of final x-ray pulse obtained for three different frequency chirps used in the optical laser, and the inset of Fig. 11 shows the corresponding variation of the current spikes' mutual spacing. For the first case (black curve), 13 UMs are used for target pulse amplification to get 3 TW in power and 50 attosecond FWHM in pulse duration. For the second case (red curve), 19 UMs are used to get 3.9 TW in power and 96 attosecond FWHM in pulse duration, while for the third case (blue line), 20 UMs are used to get 3.47 TW in power and 100 attosecond FWHM in pulse duration. Hence, one can notice from Fig. 11 that frequency-chirp optimization is crucial here. Only the first case (black curve) shows a pure IAP while in other two cases, (red curve and blue curve), one can see that side peaks are amplified even for the frequencychirped laser. In addition, this study shows that with precise optimization of the laser frequency chirp, the final radiation pulse width and the total undulator length can be shortened.
For experimental realization of these schemes, the ESASE optical laser pulse should be synchronized properly with the electron beam. The change in the RF phase of the linac will shake the arrival time of the electron beam at the entrance of the wiggler. However, time-jitter simulations in the PAL-XFEL TDR report shows that a change of 0.05°in RF phases gives a 40 fs time jitter at the entrance of the undulator [43] . In this study, we considered a 70 fs long electron bunch. The long electron bunch minimizes the chance for the electron beam to be missed by the laser pulse during the interaction. The laser and electron beam can be properly synchronized in the experiment. Apart from that, synchronization at the user end station is also crucial for scanning of the pump-probe delay with a high degree of precision. In this context, a few techniques have recently been proposed and advanced [44] [45] [46] .
CONCLUSION
The first lasing of the hard x-ray FEL line at PAL-XFEL was achieved in 2016. It will eventually produce coherent hard x-ray pulses with gigawatt power and pulse durations as short as 10 femtoseconds. As a future upgrade, we examined two schemes recently proposed for attosecond-TW XFEL using PAL-XFEL parameters. Our simulations show the generation of a 32 attosecond FWHM pulse duration with 4 TW in power (0.128 mJ pulse energy) at 12.4 keV photon energy using the PAL-XFEL parameters. However, this radiation pulse consists of several side attosecond pulses along with the main target radiation pulse. To suppress the amplification of the side radiation pulses, the chirped optical laser pulse is introduced in the ESASE section to create the current spikes with increasing separation between the spikes. Finally, at the end of the undulator, a single IAP of 42 attosecond FWHM pulse duration, ∼3.5 TW in power (0.147 mJ pulse energy), and ∼1 × 10 11 photons per pulse is obtained. Towards a simpler layout, without slotted foil and optical delay units, an isolated-attosecond x-ray pulse of 3 TW in power and 50 attosecond FWHM pulse duration is generated via chirped current profile introduced through a frequency-chirped optical laser in the ESASE section. The output radiation pulse is perfectly synchronized with an optical laser and readily used in pump-probe experiments that can capture ultra-fast electron dynamics in atoms, molecules, and solids. These schemes open up the future upgrade possibilities to enhance the capability of the PAL-XFEL in terms of increased power and reduced pulse duration. 
